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PHYSTOLOGICAL EFFECTS OF GRAVITATION

0. G. Gazenko and A. A. Gyurélzhian:L

ABSTRACT

The physiological effects of weightlessness are dis-
cussed, as they were measured and reported by the Russian
cosmonauts. The possibilities of adaptation to space envi-
ronment by training and the mechanisms of compensation and
vicarization (adaptive substitution) of the analyzers and
processes of the biological entity are considered. The
authors present recommendations for cosmonaut training for
distant and prolonged flights.

The physiological effects of weightlessness constitute a new and ex- Lg*
ceptionally important problem in the practical applications of space science.
They are also of great interest to theoretical physiologists. Weightlessness
is an unusual experimental condition for investigating the general laws of the
analyzer activity of the central nervous system and, therefore, the behavior

and reactions of the organism to variable environmental factors.

However, it 1s our profound conviction that the physiological effects of
gravitation cannot be correctly evaluated until we understand their signifi-
cance in the general biological scheme of things, in the individual and evolu-
tionary development of organisms, as one of the moving forces in evolution and
as one of Earth's ecological constants. It will be remembered that in the
course of evolution, living organisms have been exposed only to relatively
brief inertial forces (accelerations), which were either added to the force of
gravitation or were subtracted from it (Jjumps, drops, etc.). This was essen-
tially the effect of shock acceleration.

It was not until the 20th century and the development of the technology
involved in attaining high speeds that living organisms were subjected to pro-
longed acceleration or to low weight and to weightlessness. Future flights

*Numbers given in the margin indicate pagination in the original foreign text.
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to other heavenly bodies with a larger or smaller mass than that of the Earth
have created the possibility of man finding himself, under other gravitational
conditions, exposed to high or low gravitation.

To our way of thinking, the fact that living organisms in the course Zj
of evolution were not exposed to the prolonged effects of altered gravitational
and inertial conditions must have left its imprint on the nature of their re-
actions. Presumably, the organism does not have ready specific mechanisms of
adaptation to this factor, ready mechanisms of compensation and vicari-
zation of impaired functions (as in the case of high doses of radiation which
living organisms have similarly generally not encountered in the past). This
situation must be borne in mind when analyzing the organism's reactions to al-
tered gravitational conditions, and when considering the possibility of train-
ing persons to withstand prolonged or repeated accelerations and altered gravi-

tational conditions.

A qualification is clearly needed here. We mentioned the effect of both
gravitational and inertial forces, i.e., accelerations. The physical
nature of these forces is, of course, different. However, as far as we know,
they are completely equivalent to one another in biological effect.

This report will not examine the biological effect of such dynamic flight
factors as relatively brief acceleration or vibration. We are mainly con-
cerned with the reaction to prolonged weightlessness and, in part, to accelera-
tions simulating the conditions of high gravitation.

The fundamental studies of Wunder, Vrabiescu et al., and several other
investigators (refs. 15, 22, 51, 52 and many others) showed that raising /4
animals under the conditions of prolonged acceleration markedly affects mor-
phogenesis, the formation of vegetative and animal functions and the reactivity
of animals to a variety of accelerations. Further research is probably needed
to elucidate in full the nature of these characteristics in experimental ani-
mals. Are they similar to the fairly well studied adaptive reconstruction of
animals kept, for example, under hypoxic conditions, or do the characteristics
of degenerative processes and changes prevail here? 1In any case, there is
evidence in favor of the assumption that gravitational conditions, far from be-
ing insignificant biologically, play a highly important role.

Other matters of great interest are the relationship between the effects of
high and low gravitation or weightlessness, and the possibilility of extrapolating
the results of experiments with prolonged acceleration to weightlessness and
what corrections should be introduced in doing so. It is tempting to construct
a unified theory of the effects of acceleration and weightlessness as physical
factors belonging to a single category--gravitation (ref. 25). This question
also probably will be answered after suitable biological experiments on space-
craft and after comparing the results with analogous laboratory investigations.

As stated, weightlessness is now the central problem relating to the bio-
logical role of gravitation from both practical and theoretical standpoints.
Regarding the physiological effects of weightlessness, we unfortunately /5



possess only a limited amount of information, obtained under the following ex-
perimental conditions:

(1) manned flights on Soviet and American spacecraft (lasting up to five
days);

(2) flights of animals and other biological objects on high-altitude rock-
ets, earth satellites and spacecraft;

(3) experiments with brief weightlessness created on airplanes and on spe-
cial apparatus (elevators, towers, etc.);

(h) investigations involving simulation of various effects of welghtless-
ness (immersion in water, hypodynamic conditions, etc.).

The results of the flights of Voskhod and Voskhod-2 made a major contribu-
tion to physiology, especially the data on A. Leonov's walk in space. A short
survey of the data and analysis of the materials available thus far on the
physiology of weightlessness seems to us to be in order at this point.

There has been a definite evolution in the theory of the physiological ef-
fects of weightlessness. Until quite recently, prior to the first direct ex-
periments in space, attention was focused largely on the possible unfavorable,
direct influence of weightlessness as a physical (mechanical) factor on the
principal physiological functions of the body: blood circulation, respira- Zé
tion, eating and drinking, digestion and other processes, the starting point
being the basic laws of hydrostatics and hydrodynamics (refs. 16, 18 and 19).
However, the initial biological experiments on high-altitude rockets, artificial
satellites and spacecraft showed that the changes resulting from the direct ef-
feets of weightlessness on the various systems were minimsl and readily neutral-
ized by adaptive and compensatory mechanisms (refs. 36, 37, 41, 42 and 47).

Later, when the possible physiological effects of weightlessness (and of
acceleration) were analyzed, the attention of investigators began to be drawn to
reflex mechanisms and to the interaction of the different sense organs.

Studies-in-depth were made on the dynamics of regulation of blood circula-
tion during acceleration, low weight and under conditions simulating individual
effects of weightlessness (immersion in water, adynamic conditions, ete.).

Many authors elucidated the relations between the individual sense organs
(analyzers under weightless conditions). They obtained valuable information on
the interdependence of the visual, vestibular and proprioceptive analyzers (refs.
23, 32, 60 and others).

Special attention was directed to the sensitivity of the vestibular analyz-
er, Some investigators assumed that, according to the well-known views of
Weber and Fechner, its sensitivity would increase sharply in weightlessness.
Thus, due to the interaction of the individual parts of the vestibular ap- /7
paratus (otoliths, semicircular canals), even slight accelerations might T
cause a marked sensorimotor reaction (refs. 20, 32, 45, 46 and others). However,



some investigators maintained that vestibular sensitivity would be unaffected
or even diminish in weightlessness. This was the conclusicn of those who
studied human beings exposed to weightlessness on airplanes (refs. 42, 54), al-
though the brevity of the weightless state and the effect of acceleration al-
ternating with weightlessness naturally limited the value of the results

obtained.

This problem, it can be readily appreciated, has a great bearing on the
practical needs of space science in developing artificial gravitation sys-
tems (refs. 27 and 28) and in devising preventive and training measures.

Unfortunately, the matter cannot be settled on the basis of the results
of the space flights to date. On one hand, G. Titov and B. Yegorov observed
that abrupt head movements and optokinetic stimuli aggravated thelr general
condition and caused some vestibular-autonomic disturbances, but without a
pronounced nystagmic reaction (according to Yegorov).

On the other hand, the cosmonauts on Voskhod and Voskhod-2 noted that
their general condition and efficiency had little to do with stabilization or
rotation of the craft around its axis (about 1 rotation in 20-40 sec). When
outside the cabin, Leonov did not experience any autonomic disturbances Z@
due to vestibular and optokinetic stimulation during rotation of the body
in different planes with a fairly high angular velocity. Moreover, investiga-
tion of the electric sensitivity of the vestibular apparatus (to a galvanic cur-
rent) on board the Voskhod also supports the view that vestibular sensitivity
is not intensified by weightlessness. However, it was a question here of sen-
sitivity not to adequate, but to electric stimulation, and we are inclined to
think that the subject requires further study.

There 1s no doubt that the starting point for analyzing and understanding
the complex and varied picture of the physiological effects of weightlessness
must be the reaction of the organism as an integral entity. It is essential to
take into consideration its individual characteristics as well as its entire
life's experience to date. I. P. Pavlov's synthetic principle may serve as
Adriadne's thread in finding the right path in the labyrinth of the highly com-
plex relations between the organism and the environment.

Accordingly, we should like to examine the physiological effects of weight-
lessness under the following aspects:

(1) sphere of afferent impulses and analyzer activity;
(2) efferent sphere, coordination of movements;

(3) sphere of regulation of autonomic functions.

Sphere of Afferent Impulses and Analyzer Activity

It is a well-known fact that spatial analysis is affected by the com- Zg
plex, integrated activity of all the analyzers--vestibular, visual, auditory,



motor, cutaneous, interoceptive, ete. The role of the individual analyzers
varies with the level of evolution of the organism, ecological conditions of
its habitat and preceding life's experience (ref. 50). Depending on these con-
ditions, any given analyzer may play a leading role in the living organism's ac-
tivity. L. A. Orbeli stressed the significance of '"leading afferentation” in
animal behavior (refs. 12 and 35).

Another point worth special mention is the exceptional role of the motor
analyzer. I. M. Sechenov noted some time ago that the motor analyzer is the
base on which all our afferentation, our entire perception of the ‘external
world, rests (ref. h3). In recent years, E. Sh. Ayrapet 'yants emphasized the
importance of the motor analyzer in spatial analysis. However, I. S. Beri-
tashvili is of a different opinion, maintaining that the vestibular analyzer is
the major element in spatial orientation (refs. 3, 4, and 9).

The vast capabilities for compensation and vicarious functioning of ex-
cluded analyzers are of particular interest in the mechanism of spatial analy-
sis. This phenomenon of some analyzers substituting for others is by no
means a single event, but a complex process requiring time and training. Z;g
For example, simultanecus enucleation of both eyes of an animal prevents
the animal from making a conditioned Jjump, but when the operation is carried
out in stages, this coordinated act can be preserved, i.e., the motor analyzer
takes over, step by step, the functions previously performed by the visual
analyzer (refs. 6 and 7). This explains, for example, how vision gradually
comes to assume the leading role in afferentation in pilots undergoing training
for blind flights. It also accounts for the variety of subjective reactions
(sensations) to weightlessness (refs.lk, 23, 53 and 55).

Some cosmonauts experienced no illusions of unusual bodily position in
space, and the onset of weightlessness was detected from the "floating'" of ob-
jects and "feeling of lightness.' Others (G. Titov, A. Nikolayev, P. Popovich)
immediately experienced illusory sensations of wrong bodily position in space
("upside down'") on the shift from acceleration to weightlessness. Still others
(K. Feoktistov and B. Yegorov) experienced these sensations (head or face down)
some time later and retained them whether their eyes were open or closed (refs.
3, 36 and 37). The cosmonauts regarded the sensations as somewhat uncomfort-
able, rather than acutely unpleasant or intolerable.

Of great interest are the data testifying to the good spatial orientation
of the cosmonauts on Voskhod-2, particularly that of Lecnov while exiting from
the cabin and when outside.

In the cabin, "up-and-down" was determined from interior furnishings, /11
and even while the vehicle was rotating relative to the orbital plane
("tumbling" )the cosmonauts did not experience the upside-down sensation.

The tentativeness of the "up-and-down" idea as well as the practical neces-
sity for precise orientation outside the spacecraft required the selection of a
system of coordinates that would take into account both its long axis and the
Sun's position. Orientation was also facilitated by the fact that the motion
picture camera was on "top" of the airlock chamber. While in the latter, Leonov



found the task of orientation difficult, but he had no disagreeable sensations.
After leaving the cabin, he used the system of coordinates in accordance with
the predetermined plan. However, if the craft did not fall within his visual
field, spatial orientation became impaired and it was difficult to determine
quickly the true location of the craft. On the whole, we have the impression
that Leonov adequately assessed the situation, and though it was wholly novel
and unexpected, he did not experience serious nervous tension or emotional

stress.

A1l this shows the importance of previously selected visual qrienting
points and appropriate preliminary training. It seems to us that it confirms
the great potential for reorganizing and training the mechanisms of spatial
analysis. Visual information about the location of objects in space sup-
pressed, so to speak, unexpected vestibular signaling, '"sets in order" in- /12
formation from the sense organs and enables man to determine accurately the

position of his body in space.

After his flight, Titov reported that with muscular tension the disagree-
able vestibular-autonomic sensations disappeared almost entirely. Feoktistov
and Yegorov had the same experience. In this situation, proprioceptive af-
ferent impulses from the muscles evidently suppressed the unusual vestibular
signaling. Cutaneous reception also clearly played a part (refs. 23, 24 and

34).

Presumably, the illusions and disagreeable vestibular-autonomic phenomena
arising from unusual vestibular signaling (and, perhaps proprio- and intero-
ceptive signaling) become more apparent against a background of a general
poverty of afferent information. Adequate tone of the reticular formation and
cerebral cortex seem to be beneficial (ref. 2). This may be the reason that
the increase in total number of afferent signals during muscular contractions
and motor activity markedly improved the condition of the cosmonauts.

In point of fact, Titov, Feoktistov, and Yegorov felt disagreeable
vestibular-autonomic sensations and mild nausea (Titov and Yegorov) several
hours after the launching and, although these did not interfere with execution
of the planned program, they persisted almost throughout the flight. But the
cosmonauts felt much better after sleeping. Disagreeable sensations did Zli
not appear in Belyayev and Leonov, who performed very active work entailing
considerable nervous, emotional and physical strain.

Thus, besides signs of adaptation and reconstitution of neural paths
to cope with the new gravitational conditions, there were also indications of
cumulation of disagreeable signals and rupture of the adaptation mechanism.
The tone of the central nervous system was a matter of considerable importance,
as revealed by the improvement after sleep and by resting the nervous systemn,
It is probable that from the standpoint of tolerance of the unusual state of
weightlessness, semidrowsiness is quite unfavorable. An active, wakeful cor-
tex and the state of deep sleep inhibition of the entire cortex are apparently
optimal. The level of the working apparatus has a significant effect on the
reactions of the cosmonaut. Under certain conditions, the working dominant is
a major normalizing factor. For.example, despite the unusual flight conditions



and "exit'" into space (while Leonov was going through the air lock and while
outside the cabin), the working apparatus clearly "suppressed" the disagreeable
sensations that could have developed and overcame the impairment of spatial
orientation by weightlessness.

Spatial illusions are undoubtedly due to the unusual interaction of the
analyzers, the unusual combination of signals from different receptors. The
reason may be that the weight of the body and objects disappears, while theilr
mass and, consequently, their inertial forces persist. The illusions dis- Zl&
appear when new coordination of information from the analyzers is achieved,
ailding in correcting spatial orientation. They seem to be a symptom of the
transition from one type of coordination in the analyzer sphere to another.

Unusual signals from the visceral receptors and unusual combinations of
signals between the different interoceptive zones and between the intero-,
proprio-, and exteroceptors also play a definite part in the origin of
vestibular-autonomic disturbances (refs. 1, 40 and 59). These examples show
that the analyzer activity of the central nervous system in weightlessness
can be best understood in the light of L. A. Orbeli's theory on the interaction
of afferent systems. He treats this interaction as a plastic functional sys-
tematization of the work of the analyzers, with a great capacity for establish-
ing new coordinations, which ultimately lead to the fullest and truest reflec-
tion of the external and internal (visceral) world in our consciousness (refs.

30 and 35).

Effector Sphere, Coordination of Movements

Coordination of movements is affected both by altered mechanical conditions
(lack of weight with the retention of mass and, consequently, inertial phenom-
ena) and by change in afferent impulses, which make correction of movements by
the feedback principle difficult. The adjusting and postural-tonic reflexes,
the base on which all other motor coordinations rest, are drastically changed by
weightlessness. Furthermore, in free space the absence of points of support
creates new conditions for biomechanics.

The results of studies on brief weightlessness in airplanes and ef- le
fects of acceleration showed that the capacity for compensation and rapid
restoration of coordination of elementary motor acts is great (refs. 17, 29,
36, 49 56 and 57). The cosmonauts' handwriting also improved from orbit to
orbit (refs. 1k, 33 and 37).

In our opinion, the possibilities of performing complex actions which are
controlled by the cerebral cortex, which possesses a large capacity for
adaptation, compensation and vicarious functioning, are even more favorable. In
fact, the cosmonauts on Voskhod and Voskhod-2 had no trouble in performing the
programed manipulations or in coordinating their movements. However, analysis
of the time spent on some of the operations (handling the equipment, carrying
out plethysmometry, etc.) showed that somewhat more time was required at the
start of the flight than on the ground or at a later time in the flight. For
example, during the first orbit Komarov needed about twice as much time to



perform the operations involved in orienting the spacecraft as he did on sub-
sequent orbits or when on the ground. This was also the case with Yegorov in
taking physiological measurements. This phenomenon may very well be due to the
effect of "external inhibition," resulting from the novelty of the situation
and from the reconstitution of skills to suit the conditions of weightlessness.
During later stages of the flight these phenomena generally leveled out or were

compensated.

Investigation of the resolving power of the visual analyzer (with {l6
allowance made for the substandard lighting conditions) showed that it did
not change appreciably. Operational visual efficiency occasionally decreased,

but not significantly.

Investigations on the dynamic characteristics of the operator in a model
control system are highly interesting. Use was made of graduated, random and
sinusoidal signals with certain frequency characteristics. The operator (cos-
monaut) was able to exert control by direct and delayed feedback in the system.
The operator's standard deviation was greater during flight than during train-
ing in a mockup of the spacecraft. It was more pronounced with higher frequen-
cies of the signal (fig. 3). Yegorov also concluded that in general, efficiency
may be less in certain flight situations than when performing the same type of
operations on the ground (time required and quality of the work). It was also
demonstrated that the dynamics of well developed elementary skills was not im-
paired during the performance of programed operations. Thus, the data show that
the cosmonauts retained a sufficiently high level of efficiency to ensure com-
plete execution of the varied flight program.

The extravehicular behavior and movements of Leonov are exceptionally in-
teresting. The data have important implications for the future, e.g., in Z;Z
assembling space objects. It is worth noting that in weightlessness even a
comparatively slight exertion can cause the body to spin in different planes at
a fairly high angular velocity, as confirmed by the motion pictures taken during

the walk in space.

Preliminary biomechanical analysis of the characteristics of Leonov's move-
ments outside the cabin (and on the ground on a special stand) reveals quite
satisfactory coordination and the possibility of carrying out planned movements
and actions with the tether. The cosmonaut succeeded in doing everything re-
quired to ready the camers and to dismount it before returning to the spacecraft.
Al]l operations were executed manually with no apparent difficulty.

The cosmonauts' nervous and emotional state and sleep during all flights,
including the last one, were within normal limits.

These findings are highly encouraging from the standpoint of extravehicular
activity.

In selecting cosmonauts, it is essential to take into account the individ-
ual capacity to reconstitute the existing coordinations in both the afferent and
efferent spheres. The training program must be designed to develop this

capacity.



We believe that in studying the capacity for reconstituting coordina- llg
tions and substituting some for others, we can be greatly aided by the works
of .. A, Orbeli and his school (ref. 35). They maintain that in establishing
biologically new coordinations, old ones are suppressed with partial use made
of some of their individual elements. The cerebellum warrants special atten-
tion. Orbeli thought that one of the functions of this organ is to suppress
0ld coordinations in order to establish new ones. N. A, Bernshteyn's studies
on the establishment of movements and the role of different levels of the ner-
vous system in the process are also of great value in understanding the mech-
anism of forming new coordinations under the unusual conditions of gravitation
(ref. 10).

Sphere of Regulation of Autonomic Functions

Weightlessness, as mentioned before, may affect the autonomic func- /19
tions directly as a mechanical factor and indirectly from reflexogenic zones.
The main influence, we believe, is manifested by impairment of coordination and
in the disruption of the system of self-regulation of autonomic functions. The
cardiovascular system is a good example.

Toss of the weight of the blood may be responsible for wrong informa-
tion from the mechanoreceptors of the vascular bed about the state of blood-
filling of the corresponding portion of the vascular bed. This, in turn, may
cause an inadequate reflex, inadequate redistribution of the blood and unfavor-
able conditions for cardiac activity. The loss of the "vertical" by the body
may result in the pressure gradient in the vascular bed losing one of its
functions. It is likely that the appearance of a third cycle in the seismo-
cardiogram of the cosmonsuts, described in a paper by one of the authors
(Gazenko, ref. 14) was due to such shifts in intracardial hemodynamics.

In most of the cosmonauts, the pulse and respiration rates returned fair-
1y quickly to the original values after the launch part of the flight. Start-
ing on the second and third orbits there was a tendency for the pulse rate to
drop below the original level, especially while the cosmonauts were sleeping.
For example, Yegorov's pulse rate during the flight was 46 veats per minute.
But even on the ground it sometimes dropped to 52 during sleep, testifying to
slight predominance of the vagotonic reaction. This is not indicated by the
slight prolongation of atrioventricular conduction. 129

On some of the space flights, lowering of the systolic arterial pressure
was recorded, as specifically observed by Yegorov in his colleagues. For exam-
ple, Komarov's systolic arterial pressure dropped from a preflight 115 mm Hg to
95, but the minimum pressure rose from 65 mm Hg to 80. The lowering of the
systolic arterial pressure and tendency for the diastolic pressure to rise re-
sulted in slightly lowered pulse pressure in the cosmonauts.

Even more interesting was the tendency for the pulse rate to fluctuate.
For example, the reaction of almost all cosmonauts to the transition from sleep
to wakefulness was marked by temporary acceleration of the pulse followed by
deceleration and longer-lasting changes in the systolic index, time of atrio-
ventricular conduction and shortening of the electric systole.



The cosmonauts of Voskhod and Voskhod-2 noted that even moderate physical
exertion produced hidrosis and at times increased tendency to fatigue.

These findings are undoubtedly indicative of changes in the regulation of
autonomic functions in weightlessness, some instability of new coordination and
regulation of autonomic functions, dystonia and unstable equilibrium between the
sympathetic and parasympathetic portions of the autonomic nervous system. One
of the authors (Gazenko) presented a physiological interpretation of these phe-
nomena at the Third Symposium on Bioastronautics in Texas in November, 196L.
The results will stimulate further research, especially in connection Zg;
with extended flights.

The cosmonauts of Voskhod-2 exhibited some physiological reactions that
had not been observed on any of the preceding flights. After the craft went
into orbit, Belyayev's and Leonov's cardiac rate increased slightly. The mod-
erate tachycardia noted was evidently due to the exertions involved in getting
the second cosmonaut ready to exit from the ship. At the same time the respira-
tion rate also increased (fig. 1). These reactions are, in general, consistent
with those observed in the course of training operations simulating exit.

Investigation of Belyayev's and Leonov's oculograms during flight revealed
a high rate of eyeball movement Dbetween the first and fourth orbits, obviously
another indication of the cosmonaut's vigorous activity during this phase of

the flight (fig. 1).

Leonov's pulse and respiration rates increased when he was exiting and
while outside the vehicle, no doubt due to natural emotional stress. But they
quickly returned to normal as soon as he returned to the craft. For example,
Leonov's pulse rate was 100-120 beats per min when he finished passing through
the alirlock, the same values as those recorded during the analogous training
exercise on the ground. When he exited, it rose to 150-160, and when he enter-
ed the airlock or encountered some difficulties, it rose to 168, but returned
to 100-120 fairly quickly as soon as he reentered the airlock (fig. 2).

Analysis of blood samples taken from Feoktistov and Yegorov during the Zgg
second and twelfth orbits of Voskhod failed to reveal any changes in carbo-
hydrate or salt metabolism. There was a slight increase in blood urea--to Ll-
51 mg percent (in control samples it never exceeded 40 mg percent). This was
obviously an indication of somewhat quicker decomposition of protein during
flight. In addition, leukocytosis occurred in Yegorov.

Pulmonary ventilation increased perceptibly during the flight. For exam-
ple, it increased 2-3 fold in Belyayev and Leonov. Changes in oxygen consump-
tion were ambiguous, and the amount of available data is too limited to permit

any definite conclusions.

A comparison of the physiological data recorded during flights of different
duration (the Vostoks) with those of the flights of the three cosmonauts
(Voskhod) and of the two cosmonauts (Voskhod-2) is useful in evaluating the sig-
nificance of emotional stresg in the picture of the physiological reactions
of individual psychophysiological characteristics of the cosmonauts and of the
factor of flight duration.

10
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It is our impression that the indices of cardiovascular and respiratory
function in the crews of Voskhod and Voskhod-2. both before and during the
flight, changed less than they did in the cosmonauts who had flown on the
Vostoks. For example, the pulse rate of Bykovskiy and Tereshkova was 137 and
151 per min, respectively, whereas it was 98, 102 and 109 per min in Komarov,
Feoktistov and Yegorov, respectively (table 1). The transition from accelera-
tion to weightlessness was smooth and, according to the cosmonauts, Zgj
"imperceptible."

Thus, the multimanned flights were definitely superior to the solo flights
from the medical and psychological points of view. This is apparent from both
the nature and the intensity of the physiological reactions during virtually
all stages of the flight, and even in the preflight period. It is easy to per-
ceive the beneficial effect of the '"feeling of fellowship."

Twenty-four hours after the flight, functional cardiovascular tests (pas-
sive orthostatic test, test with graduated physical exercise) revealed some
characteristics of the reactions. For example, the reaction to exercise was
somewhat more pronounced, and the restoration period was longer than before the
flight. The stroke and minute volumes dropped (in Feoktistov and Yegorov by
26-47 percent) and pulse pressure decreased (by 10-24 mm Hg). Arterial pres-
sure was low in Yegorov after the functional test. ZEE

Biochemical investigations of blood after the flight showed an increase
in cholesterol. For example, the evening after the flight of Voskhod, the

13



TABLE 1

5 and 1 min before launch and
during launch part of the flight,
Space- Original percent of original level
craft Cosmonauts values
. R Launch
5 min 1 min stage
Vostok-5 | V. Bykovskiy 64 207 226 21h
Vostok-6 | V. Tereshkova 78 162 178 194
Voskhod V. Komarov 72 152 124 136
Voskhod K. Feoktistov 76 118 126 13k
Voskhod B. Yegorov 63 136 149 175

cholesterol content of the cosmonauts was 260-290 mg percent instead of their
usual 120-180 mg percent. The following morning it dropped to 220-260 mg per-
cent and was completely normal within 2 weeks.

These findings clearly testify to some strain in lipid metabolism due to
the flight and to the possibility of prolonged aftereffects.

Postflight investigations of blood sugar in the cosmonauts who flew on
Voskhod showed that individual characteristics played a major part. For exam-
ple, Yegorov normally had a low sugar concentration, whereas it was high in
Komarov. Investigations of excretion of 17, 24 oxy-20-ketocorticosteroids,
17-ketosteroids, and the K/Na ratio in urine showed no significant abnormali-
ties. However, these results were obtained after a 2h-hour flight, and a more
pronounced reactlon is to be expected after longer flights.

The day after the flight, Belyayev's energy expenditure exceeded the orig-
inal wvalues by 29 percent, that of Leonov by only 13 percent.

Forty-eight hours after the flight of Komarov and Yegorov, a functional
kidney test showed that water elimination was slower than before the flight or
two weeks after it. Neither had any impairment of glomerular filtration or
concentration capacity of the kidneys. It is noteworthy that during the flight
the cosmonauts did not experience thirst, although the water loss was fairly
high. But they felt very thirsty immediately after landing. These changes /25
were probably due to nervous and emotional stress and to hormonal shifts
that occurred during flight. Impairment of the water-elimination function may
have been related to secretion of an antidiuretic hormone.

The changes in energy expenditure and water metabolism provide additional
data to explain the familiar phenomena of weight loss after flight. The cos-
monauts of Voskhod and Voskhod-2 lost the following amounts: Komarov, 1.9 kg;
Feoktistov, 2.9 kg; Yegorov, 3 kg; Belyayev, 1 kg; Leonov, 0.9 kg.
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Thus, the data cited show that the primary physiological effects of weight-
lessness do not include local changes (e.g., humoral changes), but impairment of
neuroreflex regulation and self-regulation. The chain of reactions starts with
the change in signals from the receptors, primarily those of the cardiovascular
system. Changes in the nature of the signals from the vascular receptors are
known to cause radical changes in the regulation of blood circulation (refs. Lk
and 48). The latter disrupt the homeostasis needed for the specific activity of
various tissues and impair tissue metabolism, which results in trophic disorders.

Postflight medical examinations revealed that the functional changes and
unstable regulation of autonomic functions (as shown, e.g., in exercise tests)
persisted for some time after the flight. {26

It is well to note here the danger inherent in the cosmonauts' reactions to
the shift from acceleration to weightlessness and from weightlessness to accel-
eration (refs. 1L, 18, 19, 31 and 39). During the transition from weightless-
ness to acceleration, resistance to the overload by the organism in a state of
unstable reconstitution of autonomic functions will probably be weak. Indeed,
the cosmonauts have often stated that it is harder to tolerate acceleration when
the spacecraft returns to Earth than when it goes into orbit (refs. 14, 26

and 39).

During the active part of the flight, the pulse and respiration rates were
much more rapid than when the men were exposed to equivalent acceleration on a
centrifuge. And it took much longer for these indices to return to the original
values when the acceleration in space flight ceased (refs, 8, 1k, 39 and L47).
This period was particularly long on the flight of Voskhod-2, which we attrib-
uted to the activity of the cosmonauts in preparing for the "exit" from the
craft.

It follows from the foregoing that the cosmonauts' reactions depend on a
host of factors. We must take into account both the qualitative and quantita-
tive characteristics of the effects of several factors operating simultaneously,
the order in which they occur, the various external and internal conditions,
one of the most important of which is the general condition of the organism, Zgz
especially the nervous system, and the preceding preparation and training. It
is clear, therefore, that it is not sufficient to study only the effects of the
individual flight factors; the influence of the entire set must be evaluated
(refs. 13 and 21). This is an urgent problem requiring special consideration,
but it is outside the scope of the present communication.

Thus, here also we see the value of using the synthetic principle in study-
ing the physiological effects of gravitation (refs. 21, 23, 35 and 38).
Conclusions /28

Some of our preliminary conclusions from the material presented here are as
follows.

The direct influence of weightlessness as a mechanical factor on the course
of physiological processes is probably not of great significance. The primary
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effects are changes in the receptor functions and in the afferent sphere. The
flow of afferent impulses, unusual in total number and quality, are responsible
for these main reactions:

(1) general nonspecific stress reaction;

(2) impairment of perception by external and internal analyzers, (intero-
and proprioceptive signal systems), which gives rise to illusions (including
impairment of spatial orientation, spatial analysis);

(3) inadequate reactions by the viscera, disruption of self-regulation and
coordination of autonomic functions, the vestibular-autonomic disturbances;

(4) impairment of coordination of movements and decrease in operational
efficiency.

Immediately after the shift to weightlessness and thereafter, the follow-
ing mechanisms of adaptation to the unusual gravitational conditions, the
mechanisms of compensation and vicarious activity of impaired and lost func-
tions, are activated:

1) mechanisms of nonspecific adaptation, which border closely on the
)
stress reaction;

(2) reconstitution in the afferent sphere; new coordination of anal- Zgg
yzer activity resulting in a maximally complete and accurate reflection of the
world under the unusual gravitational conditions (this reconstitution is
achieved under the control of and with corrections introduced by the higher
divisions of the central nervous system, the cerebral cortex in particular);

(3) reconstitution in regulation of activity of the viscera; new coordina-
tion of their activity aimed at ensuring homeostasis and providing scope for the
functional capabilities of the organism (with phases of more or less complete
compensation of impaired functions; but even with satisfactory compensation, the
organism's reserves are somewhat limited , as revealed when loads are applied);
the new coordination shows signs of being somewhat inadequate (at least during
short flights);

(4) reconstitution in the sphere of somatic functions; the new coordination
of movements is achieved under the control and with the extensive participation
of the higher divisions of the central nervous system; preliminary preparation
and training play an important part by ensuring compensation (adaptation
and vicarization) of both elementary skills and complex types of activity.

There are indications, however, that compensation is not always complete (at
least during short flights).

Recommendations

The long-range plans that call for more distent and extended flights, /30
in which the cosmonauts will have complex steering and research duties, require
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suitable practical measures for selecting and training personnel and creating
optimum working conditions and routines, as well as preventive and protective
devices.

A thorough and systematic study of the effects of flight factors (weight-
lessness in particular) and the mechanisms of adaptation to.them will be of
value in predicting reactions on various space routes and in working up a sound
program for the flights, cosmonauts' activities and protective measures.

In selecting personnel, it is obviously essential to take into account the
individual characteristics of plasticity and lability of the central nervous
gystem, and its capacity to reorganize o0ld coordinations in the afferent and
efferent spheres and in the activity of the viscera in accordance with new en-
vironmental conditions. This capacity must be strengthened during the training
period.

It is necessary to study the role of the individual parts of the central
nervous system (e.g., the cerebellum and sympathetic nervous system) in recon-
structing coordinations to suit environmental conditions, and to investigate
the possibility of using pharmacological or other agents to assist in the
various stages of the process.

Use should be made of the possibility of nonspecific training and of in-
creasing man's adaptive capabilities, e.g., by staying in high-altitude regions
(refs. 5 and 11).

Efficient methods of preparation and training should be devised to facili-
tate the reorganization of the body, so that it can adequately cope with flight
conditions. A good example of this was Leonov's training for orientation Zi;
in space with the aid of artificial coordinates orienting points. Some other
working dominants might be devised to prevent vestibular-autonomic disturbances.

We believe that only the first few steps have been taken in this direction.
Ahead of us lies much arduous, but extremely interesting and, we hope, fruitful
work. This work which promises to solve practical problems in astronautics
also has major implications for important theoretical problems in biology and
medicine. The goal is worthy of the friendly and cooperative efforts of scien-
tists all over the world.
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